The concentration of 21 individual free amino acids in serum, liver, and skeletal muscle was determined in rats during the incubation, acute illness, and terminal stages of experimental infection with Diplococcus pneumoniae. By 4 hr after subcutaneous inoculation with bacteria, the concentration of total and many individual free amino acids in serum, liver, and muscle was significantly decreased in comparison to findings in noninfected, pair-fed control rats. By use of a nonmetabolizable amino acid analogue (cycloleucine), it was possible to detect a flux of amino acids from muscle to liver in the infected rat. The endogenous amino acids which moved to the liver were rapidly utilized for the synthesis of serum proteins. as the infectious agent. The organisms were grown to the early stationary phase in 3.7%/o Brain Heart Infusion (Difco) supplemented with 1% bovine serum albumin. Stock cultures were frozen at -65 C in 15% glycerol and were stored for a period not exceeding 1 month. When needed, these stock cultures were thawed and diluted with sterile isotonic saline to contain 107 to 2 X 107 organisms/ml. The infectious process was initiated by the subcutaneous inoculation of 0.1 ml of saline-diluted culture containing 106 to 2 X 106 Diplococcus pneumoniae. Subsequent body temperature was measured by rectal probe; bacteremia was quantitated by plate counting on blood agar. Fever became apparent by 14 hr after inoculation and was maximal at 28 hr. Body temperature then dropped as the animals approached the agonal stage. Bacteremia was evident by 14 hr, became massive by 28 hr, and persisted thereafter. Food intake was reduced to 68, 38, and 10%l of preinoculation intake on days 1, 2, and 3, respectively. Death occurred within 60 to 72 hr in infected control rats not used for a metabolic study. All rats were inoculated at 6 AM and were killed for metabolic studies at 4, 14, 28, 32 52, or 62 hr postinoculation. A group of six rats was studied at each time, allowing for the detection of possible changes during incubation, illness, and terminal stages of the infection. An equal number of control rats was given heat-killed (56 C, 20 min) organisms at 6 AM, were pair-fed to match the dietary intake pattern of infected animals, and also were killed at 4, 14, 28, 32, 52, or 62 hr postincubation. This procedure was followed to reduce difficulties in interpretation of data due to effects of known variables such as anorexia and circadian fluctuations (8).
Total blood or serum amino acid concentrations are significantly decreased during periods of incubation and clinical illness in volunteers exposed to Salmonella typhosa (9) , Pasteurella tularensis (7), live attenuated Venezuelan equine encephalomyelitis vaccine virus (10) or sandfly fever virus (19) . The initial decrease in serum amino acids in these infections could not be explained by an altered rate of amino acid catabolism or by changes in the intake or excretion of free amino acids (19) . In volunteers infected with sandfly fever virus, the branch-chain amino acids in serum were depressed to a statistically greater degree than were other serum free amino acids (19) . Thus, it was postulated that unusually large quantities of certain serum amino acids were taken up by cells of key tissues and rapidly utilized for protein synthesis. To test this hypothesis, an infectious process was studied in an animal model; a nonmetabolizable amino acid, 1-amino cyclopentane-carboxylic acid (cycloleucine), was utilized in a comparison with tagged L-leucine to determine the effects of infection of the distribution and flux of amino acids among different tissues of the host and on rates of protein synthesis.
MATERIALS AND METHODS
Animals and treatment. Fisher Dunning rats (obtained from Microbiological Associates, Walkersville, Md.) weighing 150 to 200 g, were housed in a room which was maintained at 25 to 26 C and was lighted from 6 AM to 6 PM. The animals were fed an agar gel diet (2) which contained 18% casein. During the week before their use in a study, all rats were trained to consume their food betwezn 6 AM and 6 PM.
Diplococcus pneiumoniae, type 1 strain A5, served as the infectious agent. The organisms were grown to the early stationary phase in 3.7%/o Brain Heart Infusion (Difco) supplemented with 1% bovine serum albumin. Stock cultures were frozen at -65 C in 15% glycerol and were stored for a period not exceeding 1 month. When needed, these stock cultures were thawed and diluted with sterile isotonic saline to contain 107 to 2 X 107 organisms/ml. The infectious process was initiated by the subcutaneous inoculation of 0.1 ml of saline-diluted culture containing 106 to 2 X 106 Diplococcus pneumoniae. Subsequent body temperature was measured by rectal probe; bacteremia was quantitated by plate counting on blood agar. Fever became apparent by 14 hr after inoculation and was maximal at 28 hr. Body temperature then dropped as the animals approached the agonal stage. Bacteremia was evident by 14 hr, became massive by 28 hr, and persisted thereafter. Food intake was reduced to 68, 38, and 10%l of preinoculation intake on days 1, 2, and 3, respectively. Death occurred within 60 to 72 hr in infected control rats not used for a metabolic study. All rats were inoculated at 6 AM and were killed for metabolic studies at 4, 14, 28, 32 52, or 62 hr postinoculation. A group of six rats was studied at each time, allowing for the detection of possible changes during incubation, illness, and terminal stages of the infection. An equal number of control rats was given heat-killed (56 C, 20 min) organisms at 6 AM, were pair-fed to match the dietary intake pattern of infected animals, and also were killed at 4, 14, 28, 32, 52, or 62 hr postincubation. This procedure was followed to reduce difficulties in interpretation of data due to effects of known variables such as anorexia and circadian fluctuations (8) . At After the samples were cooled, concentrated HCI was added, and protein precipitate was recovered by centrifugation at 1500 X g for 20 min. The precipitate was washed with 0.2 M PCA and dissolved in 2 N NaOH by incubating at 80 C for 1 hr. A 0.5-ml sample of the dissolved protein was added to 2 ml of an alkaline-neutralizing solubilizer (Scintisol-TD, Isolab, Elkhart, Ind.) followed by scintillation fluid which contained 80 mg butyl-PBD, 5 mg of PBBO, and 10 ml of toluene. The 3H content of each sample was measured as described above. The remainder of the extract was saved for protein determination.
Total liver and muscle deoxyribonucleic acid was determined by the method of Wannemacher et al. (20) .
The protein content of the NaOH extract was measured by an automated procedure (14) .
The data were analyzed by a computer for statistical significance. Group means were calculated, values for control and infected groups were compared by ttest, and the difference between the two means was considered significant at P < 0.01 under the null hypothesis.
RESULTS
The change in individual and total serum amino acids is illustrated in Table 1 and Fig. 1 . At 4 hr postinoculation, total values for all serum amino acids were only slightly below control values, but the individual concentrations of leucine, isoleucine, valine, threonine, proline, arginine, serine, and tyrosine were significantly depressed. In contrast, the serum concentrations of glycine, phenylalanine, and half-cystine were significantly increased. As the infection progressed, the serum concentrations of many of the amino acids were decreased when compared to values from the pair-fed controls. This difference was, in part, related to the development of elevated serum concentrations in the controls. For certain amino acids (especially arginine, half-cystine, lysine, phenylalanine, and histidine), the infected rats had equal or higher serum concentrations than controls. A significant increase in the serum phenylalanine to tyrosine ratio was observed in the infected rats.
At 4 hr postinoculation, the total free amino acid content of liver was significantly less in the infected rats as compared to noninfected controls (Table 1 and Fig. 1 ). This change was mainly due to a decrease in the hepatic concentration of alanine, glycine, and glutamine. In contrast, the concentrations of hepatic half-cystine, leucine, lysine, methionine, and valine were increased significantly above control values. As the infection progressed, the hepatic amino acid content decreased in the infected rats and in the foodrestricted controls, with the major decrement occurring in alanine, glycine, serine, glutamine, and glutamate. At 4 hr postinoculation, the hepatic phenylalanine to tyrosine ratio was slightly but significantly elevated in the infected rats; during the illness and terminal stages of the infection, this ratio was similar in both infected and control rats.
At 4 and 28 hr postexposure, the free amino acid content of muscles from the infected group was significantly below that of the pair-fed controls (Table 1 and Fig. 1 ). Major decreases were observed in muscle alanine, glycine, glutamine, glutamate, serine, leucine, proline, threonine, and valine. By 52 hr postinoculation, the free amino acid content of muscle from pair-fed control rats was decreased to levels observed in infected rats. During incubation and illness, the phenylalanine to tyrosine ratio was significantly increased in the muscle of infected rats. By 14 hr postinoculation in studies with tagged amino acids, the cycloleucine content of the liver from infected rats was twice that found in hepatic tissue from pair-fed controls (Fig. 2) . During the next 14 hr, the cycloleucine content of liver from infected animals continued to increase to three times the control value and was still elevated at 52 hr postinoculation. In contrast, at all time periods, the hepatic concentrations of tritiated free leucine were similar for infected and control rats (Fig. 2) ; thus, by 14 hr postinoculation, the ratio of '4C-cycloleucine to free 3H-leucine was significantly elevated in infected rats and at 62 hr was double the control values. By 28 hr, the percentage increase over control values in 14C-cycloleucine content of liver from infected rats was (mean ±i SEM): 209 4 20 (expressed as dpm per mg of liver), 324 i 28 (dpm per total liver per 100 g of body weight), and 397 + 25 (dpm per 100 ,ug of deoxyribonucleic acid).
In a second experiment, a similar increase in 14C-cycloleucine content was noted in liver of rats exposed to virulent D. pneumoniae for 28 hr; however, in serum and skeletal muscle, a significant decrease in 14C-cycloleucine was observed when compared to pair-fed controls ( From studies which involved the enrichment of the tissue with l5N-glycine, Reiss (17) observed that in animals with streptococcic pneumonia the concentration of isotope in the amino acid pools of liver and kidney was decreased because of dilution with nonlabeled amino acids. He further hypothesized that muscle protein was the source of amino acids which diluted the liver and kidney pools. This flow of amino acid out of skeletal muscle was related both to impaired synthesis and to increased catabolism of protein in muscle. The conclusions of Reiss (17) were supported by the observed increase in hepatic free amino acid in chickens exposed to Newcastle disease virus (18) Also, Lust (15) found that both in vivo and in vitro rates of protein synthesis were increased in liver and decreased in skeletal muscles of mice VOL. 4, 1971 (21, 22) . This increase in rate of synthesis of serum protein may be related to the observed elevation in serum glycoprotein (13) and haptoglobulin (3) 
